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FOREWORD

This report was produced in accordance with contract AF33(657)-15504, Pro-
ject No. 681B, P. L--C.-•N-.- - F, under the direction of Captain J. A. Baca
(APTP) of the Air Force Aero Propulsion Laboratory. It discusses the work con-
ducted by the Pratt & Whitney Aircraft Division of United Aircraft Corporation,
East Hartford, Connecticut in accordance with Exhibit A of the contract during
the period from June 1, 1966, through August 31, 1967. The report has been
assigned the contractor number PWA-3219 and was submitted for review in
October 1967.

This report contains no classified infirmation extracted from other classi-
fied documents. 'Ihe report has been classified in accordance with DD Form 254
of the contract.

Puhlication of this report does not constitute Air Force approval of the re-
port's findings or conclusions. It is published only for the exchange and stim-
ulation of ideas.

ERNEST C. SIMPSON

Chief, Turbine Engine IlMvision
Air Force Aero Propulsion laboratory
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UNCLASSIFIED ABST RACT

(U) Materials research and development was performed under Contract AF33
(657)-15504 on diffusion bonding of titanium, machining of small-diameter holes,
determination of the abrasive p~roperties of materials in a simulated jet-engine
environment, and determination of the properties of selected materials in a
high-temperature corrosive and erosive environment. Satisfvctory diffusion
bonds were formed in hollow tit -r!"m ipccimens at a temperature of 1800°F
under isostatic preasure of 10, 006 psi using machi.td steel mandrels to sv.pport
the walls of the cavities within the specimens. Although satisfactory results
were obtained using stece mandrels, the difficulty of accurately machinirg
mandrels to fill cavities with complicated shapes makes this technique impractical
for production processes. Five-mll diameter holes, which %ere subsequently
coated to reduce the diameter to three mils, were successfully dhilled into 80-
nil thick alloys by the ECID (electrochemical impingement drilling) and the
EDM (electrochemical discharge machining) processts. Lov-cycle fatigue
testing of specimens with arrays of three-mil diameter holes indicated the
superiority of directionally solidified U-700 alloy over other forms of the same
alloy and over Mar-M-509 alloy. None of the materials evaluated for abrasion
properties demonstrated satisfactory abradability concurrently .ith a caixpbility
for withstanding the jet-engine environment, nor did any of the materials evaluated
for use in a high-temperature corrosive and erosive environment meet the pro-
gyr-am require nents. Best results were obtained with chrome-alum!nidrnd e-coatedl
TI) nickel, but cracks werv observed in the specimen after only -16 hours of
testing, and oxidation followed the cracks.
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SECTION I

INTRODUCTION

(U) Materials research and development work was, performed in four areas
with funding provided by Contract AF33(657)-15504. The first of these involved
an investigation of techniques for diffusion bonding hollow titanium specimens
with internal supporting webs. The second task involved evaluation of techniques
for machining small-diameter holes and determination of the effects of the holes
on the properties of the material. The third task consisted o- determination of
the abrasion properties of a number of nonmetallic and metallic materials in a
simulated jet-engine environment, and the fourth task was an .valuation of the
properties of coated and uncoated materials in a high-temperature corrosive
and erosive environment. The results of the work expende& in each of these
areas with contract funding is discussed in the following sections.
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SECTION II

DIFFUSION BONDING

A. INTRODUCTION

(U) Diffusion bonding is of interest for joining surfaces which are not accessible
after a part has been assembled. A typical example would be a hollow structure
with internal supporting webs which might be fabricated in two halves and then
bonded together. In such a structure, the interface of the web sections are com-
pletely inaccessible and cannot be bonded by more conventional bonding techniques
such as welding. A diffusion bond can be achieved, however, by heating both

halves of the part to a temperature below the melting point of the material used
and pressing the halves together for a sufficient time period to allow diffusion of
the material across the interface. For bonding to be achieved, the surfaces to
be bonded must be brought into intimate contact, which requires that the mating
surfaces be accurately machined and that sufficient pressure be used to ensure
that contact is obtained over the entire interface. The pressure used generally
will be high enough to cause the material to yield, and, therefore, in a hollow
webbed structure, some type of support is required to prevent the hollow sections
between the webs from collapsing.

B. DISCUSSION OF BONDING EFFORT

(U) Diffusion bonding techniques were studied by bonding a number of titanium
specimens of the form shown in Figure 1. As shown, the hollow sections of
these specimens were supported by an internal mandrel.

(U) The selection of materials for use as mandrels was batsed on several con-
siderations. The mandrel material must be compatible with titanium and it must
be capable of providing the required support. Tt also must be capable of being
formed relatively precisely to the cavity dimensions, and it must be readily
removable from the cavity following bonding.

(U) The mandrel materials initially colnsidered were molybdenum, Armco iron,
and Armco iron coated with aluminum oxide or graphtie. All of these materials
produced a reaction zone in the titanium alloy which was unacceptably brittle.
Subsequently, medium-carbon steel was tested, and it was found that the carbon
in this material reacts with the titanium to form a titanium-carbide layer which
acts as a reaction barrier, as shown in Figure 2. Steels with carbon contents
between 0. 24 and 0. 47 percent were found to produce the desired barriers to
prevent diffusion of the mandrel material into the titanium.

NOFORN
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(U) Initially, machined steel strips used for mandrels were found to be satis-
factory for parts with hollow cavities which have a relatively simple shape.I The mandrel must fit the cavity precisely, however, and, therefore, machined
mandirels do not appear to be feasible for supporting cavities which complex
shapes, since the time required to produce complicated, accurately machined
mandrels would be excessive for producing parts on a production basis. Con-

sequently, several alternate methods of producing mandrels were attempted.
These included electroplating, plasma spraying, and filling the cavity with
small-diameter steel balls. None of these techniques were satisfactory.
Electroplating resulted in severe corrosion at the interface of the mandrel
material and the titanium, and the plasma-sprayed material failed to fill the
corners of the cavities. The small-diameter steel balls did not provide ad-e-
quate support, and the walls over the cavities collapsed during bonding. Methods
of supporting the cavity walls without mandrels have been developed under other
programs, and these methods appear to be more practical than th-3e using
mandrels when parts with complex internal cavities rT Ast be bonded. These
methods are proprietary and are not disc:-ssed in this volume.

(U) Whenever mandrels are used, a method must be available for removing the
mandrels after the blade halves are diffusion bonded together. The only practical
method available for removing steel mandrels from the complex blade cavities
is leaching with an acid solution. During this program, a 50-percent solution of
nitric acid was found to be a satisfactory leaching agent. The process w,'.s slow,
andi, when the specimens were simply immersed in the leaching solution, periods
of several weeks were sometimes required to completely remove the miandrel
material. A pumped stream of leaching solution would be considerably faster,
but would also be more complicated. The simple immersion process was con-
sidered to be adequate for the purposes of this program, and no effort was spent
on developing a faster technique.

(U) All bonding was performed with a pressure of 10, 000 psi and a temperature
of 18000 F. which is the maximum temperature below that at which the beta
transformation occurs. These conditions were maintained foix three hours to
permit some creep of the titanium to occur. Experience has shown that titanium
can be bonded successfully at atmospheric pressure and a temperature of l.')O'F
in a very short time if the surfaces to be bonded are initially in intimate contact.
The higher pressures and temperatures were used, however. becauie oi the
difficulty in machining two perfectly mated rdurfaces. T'he bo~nding parameters
used were selected to permit bonding of surfaces with gaps up to 0. 00-5 incti.

(U) A total of eleven specimens were bonded with mnandrels at B~attelle NMemorial
I istitute. A typical boxnded joint is shown in Figure 3. Four of the speciizaens
werte peel tested, and all of these failed in the parent net~al away from the joint
(see Figures 4 and 5). Metallographic examination revtealwx that gtxod bondling,
was achieved in all arfoas. However, some deformation K'eurred at the edges of
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Mag: 50AX

Figure 5 Photomicrograph of Diffusion-Bonded Section
of Peel-Tested AMS 4911 Specimen EM-1816-1

the specimen cavities where the mandrel did not precisely conform to the contour
of the cavity.

C. CONC'IUSIONS AND RECOMM ENDATIONS

(L) Diffusion bonding was shown to be a feasible method of joining titaniun
specimens. For parts with cavities with simple shapes, -'olid, -nachined man-
drels are satisfactory. lHwever, better results, both tecnnicallv and economic-
ally, can be obtained by using a prol),'ietary process which does not require man-
drels to support the cavity walls.
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SECTION III

TECHNIQUES FOR DRILLING SMALL-DIAMETER HOLES

A. INTRODUCTION

(U) A program involving fabrication trials and mechanical testing was conducted
to determine the best technique for producing closely spaced arro"s of small-
diameter holes. Hole-diameters of approximately three mils were desired.

(U) The initial phase of the program was devoted to selecting the more promising
methods for producing holes, and the second phase of the program involved pre-
paration and testing of axial push-pull and strip-bend w.y,-cycle fatigue specimens.
The specimens were prepared with 100 hotes in each specimen arranged in a
rectangular array with a center-to-center spacing of 50 mils.

B. INITIAI, EVALUATION OF HOLE-DRILLING TECHNIQUES

1. Preliminary Selection

(U) Several methods of drilling small-diameter holes were selected for evalua-
tion. The laser process was considered to be promising because of its speed
and because one vendor reportedly had drilled a one-mil diameter hole through
.10-mil thick Wungsten carbide. The process needed development, however,
because the metal which melted during the drilling process resolidified on the
bole surface, leaving a recast layer which had a tendency to crack. The ECID
rocess (electrocheniica' impingement drilling) had been urder study at Pratt &

N hitney Aircraft prior to this program and was considered to be quite prom-
ising for this application. The EDM process (electrodischarge machining)
was initially rejected because it was believed that suitable three-mil diametcer
holes could not be obtained. Later, howevt'r, the required hole size diameter
was in~creased te live mils. and the EDM process was evaluated. The increase
in diameter was I.wrmissible because it was found that a three-miil diameter hole
could be made by proper coating of a five-mil diameter hole. The EC'M process
was not studied because. it is ,10t josstble to construct a satisfactory nozzle for
producing a three-mi' diameter hole, sinice in this process the nozzle mu14t pass
!hrt)ugh th, hole.

2 laser lDvolopmvet

(U) Holes arte produced by a laser beam as a result c t the tmelting and vaporiza-
tion of the material struck by the -oatn. Since the beam can be conce:itrited into
a very snmall area. ht-les on the order of one mil in diameter can ti pn-kluced.
li|nmcver, mne ir the mc.l mtri)-.- 'li "e ' to forr, a remelt
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or recast layer. Since the properties of the recast layer differ from these of
the remainder of the material, cracks frequently develop ýn the recast layer

as a result of thermal cycling. Consequently, development was required to
reduce the thickness of the recast layer to an acceptable level.

(U) Three laser vendors were requested to develop drilling techniques to
eliminate or minimize the recast layer on a best-effort basis. Each was given
samples of 80-mil thick cast Udimet-700 and requested to submit what they
considered to be their best results at the end of a specified time period. The
vendor achieving the greatest progress would then be given an oppo'tunity to
continue development on all candidate ma.riols.

(U) Table I shows tho range of variables studied and the optimum values deter-

mined by one vendor. The geometry is shown in Figure 6. However, even with
the optimum geometry, satisfactory holes could not be produced. Since no
significant improvement was achieved, the develhpment of laser hole-drilling

techniques was discontinued.

(U) TABLE I

RESULTS OF LASER DRILLING OPTIMIZATION STUDY

Optimum
Variable Range Value

Ruby Rod Diameter, in. 0.25 to 0.375 0.25
Ruby Rod Length, in. 6. 625 6. 625
Aperture Opening, d, mm 1. 5 to 7 1.5
Fccal Length of Lens, F, mm 12 to 26 16

Depth of Focal Point into Work Piece,
t, mils 0 to 80 60

Energy per Pulse, joules 5 to 25 10*
Duration of Pulse, milliseconds 0.4 to 3 0.4

* Energy at surface of work piece equalled 0. 6 joules.

rt
L d L ENS WO'KP IEC E

___£_i __ __ __FOCAL POINI

D LASER ROD

APFRTURE

Figure 6 Schematic Diagram of Laser Hole-Drilling Equipment
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3 ECID Development

(U) The ECID (electroc•:emical impingement drilling) process is a special ap-
plication of the electrochemical machining process. In the ECM process, the
cathode tube carrying the electrolyte moves through the work piece, and, there-
fore, the smallest hole that can be produced is limited by the outside diameter
of the cathode tube. In the ECID process, this limitation is eliminated by re-
leasing the electrolyte through a jet across a gap of 0. 020 to 0. 100 inch. The
jet is produced by pumping the electrolyte into the nozzle at high pressure. A
direct-current power supply is placed across the electrolyte and the work piece,
which deplates material from the work piece. A schematic diagram of the
equipment used for the process is shown in Figure 7. Figure 8 shows the
appearance of the equipment at the start of the program, and Figure 9 shows
the appearance of the equipment after modifications were made to permit three-
dimensional positioning of the nozzle. A closeup view of a typical specimen
being drilled is shown in Figure 10.

1000 KVA
DC SUPPLY

E)+
PRESSURE
GAGE

- -- - - - -1 PLEXIGLASS

GLASS ENCLOSURE

WORK PIECE I

I FIl.TER
;TELECTROLYTE

FILTER STREAM J
FILTER •

DRAIN

ELECTROLYTE
PUMP RESERVOIR

Figure 7 Schematic Diagram of ECID Hole-Drilling Equipment
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PULTEST SPECIMEN

4 0 F 
' -- N O Z Z L E

STREAM WITH POWER OFF

FLUSHING WATER

STREAM WITH POWER ON

IF'ig-u r I0 C h selI) V iew 4I IPushIPull Fa\ - ~ tigue s1) ( n i-Ici Being

I)iiIled byI I-ID Process
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(U) In the early stages of the development of this process, dril'Lng trials were
continually hampered by plugging of the nozzle. The nozzles 9: the time had
inside diameters between 0. 5 and 2.5 mils which could be easily plugged by

small particles from the air. The problem was solved by ino-irig the nozzie

drawing equipment into a clean room and keeping the resulting nozzles in plastic
tubes except when actually being used for drilling. As an added precaution, a

two-micron polyvinyl filter was added upstream of the nozzle to filter out any

particles which passed through the main filter in the ECI1 apparatus.

(U) Considerable effort was expended to determine the, 'ptimum ECID operating
parameters for obtaining the best hole surface finish and the shortest drilling
time. Significant variables included nozzle design, nozle-to-work piece gal),

work piece material, electrolyte type and flow rate. voltage, and dwell time.
Dwell time is the length of time that the drilling operation is continued after the

electrolyte !tream breaks through the material. Satisfactory values were de-

termined for each of these variables. Investigations are continuing under another

program to improve the ECID process further.

(U) To ensure that a particular hole sLzc could l)e produced consistently, a

method for producing a consistent nozzle shape and size had to be developed.

The basic proccss developed involved pullIng heated Pyrex tubing which initially

had a 1/4-inch outside diameter and a 1/;2-inch inside diameter. The process

was standardized by using thee quijment shown in Figure 11. In this device, the

F i ,ur -t I I It'VI) .Nozzle F'orming F ixture X 11-7 73 102
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glass tubing is heated by a Nichrome heating coil ard then pulled by a weight.
The power to the heating coil and the size of the weight can be varied to produce
the desired results. The distance through which the tube was pulled was con-II
trolled by the length of time that power was supplied to the heating coil after
the tubing started to yield. The heating coils had to be replaced periodically,
and it was found that variations in the resistanci- of the coils significantly
affected the results. Considerable care was required to ensure thai consistent
coils were used. Following drawing, the tubing was cut in the reduced section
to form the nozzle. A clean cut was required, since any clipping at the nozzle
tip permitted the electrolyte stream to disperse over too large an area. The
flow characteristics and the diameter of the nozzles were checked in the apparatus
shown in Figure 12. At the end of the program, approximately 65 percent of
the nozzles produced were usable. Typical nozzles are shown in Figure 13.

(U) These nozzles suffered from two deficiencies. First, after several hun-
dred holes had been drilled with a particular nozzle, erosion caused the nozzle's
inside diameter to become enlarged, resulting in larger diameter holes. The
hole size increased by approximately 0. 5 mil for every 100 holes drilled with
a particular nozzle. Second, the relatively large outside diameter of the
nozzles limited the minimum possible spacing between holes during multiple
drilling operations. Consequently, techniques for fabricating nozzles from
quartz tubing with an outside diameter of 80 mils are being developed under
another program. When successful, the developed techniques are expected to
produce nozzles with significantly better resistance to erosion and with an out-
side diameter that will permit closer hole spacing during multiple drilling
operations.

(U) The actual design of the nozzle was determined by trial and error. The
inside diameter required to produce a three-mil diameter hole was determined
to be between 0. 5 and 1. 0 rail. The length of the nozzle tip was determined
experimentally on the basis of its effect on electrical and flow resistance.

For a given voltage and pressure, the current and the electrolyte flow rate

decrease as the tip length is increased, thereby increasing drilling time. How-
ever, the effects of the tip length and shape on the discharge stream diameter
have not been determined precisely.

(U) The effect of the gap between the nozzle and the work piece was studied,
and it was found that best results were obtained with a gap of approxima~ely
60 mils. Increasing the gap increases the elect-ical resistance of the electro-

lyte stream, whereas decreasing the gap permits the return spray of electro-
lyte from the work piece to interfere w ith the impinging stream, thus causing
enlargement of the hole being 6rilied.

NOFORN

"Alat NO 14

UNCLASSIFIED



UNCLASSIFIED

AIR REGULATOR

UNCLASIFIE



UNCLASSIFIED

P ASTIC STORAGE
71JUF SONIC CLEANED PLASTIC TUBE

TO PROTECT TIP

GLASS NOZZLES
CENTERLESS
GROUND OD

FILTER RETAINER,
ISEALED END
IS CUT OFFAT UTim OFF USE- 

ULGED TO RETAINAT TME F US) ! NOZZLE IN ITS

HOLDER DURING USE

''MILLIPORE" BRAND
STORAGE TUBE CAP FILTER PAPER - PVC

WRAPPED AROUND
END OF NOZZLE

Figure 13 Typical ECID Nozzles Drawn From 1/4-Inch Outside
Diameter Pyrex Tubing

(U) Drilling rate is a function of several parameters, including the type of
material being drilled, the type of electrolyte used, the electrolyte flow rate,
and the voltage across the electrolyte and the work piece. Material is removed
from thc wcrk piece by elect-olytic and, possibly, chemical action, and,
therefore, the drilling time will be proportional to the valence of the work piece
material. Since the valences of the base metals in the allohs drilled during the
program were equal, the drilling times should be approximately equal in the
absence .f chemical reactions. Testing verified this theory for Mae-M-509
and Udimet-700 alloys. For other alloys, however, it is possible for complex
reactions to occur which can vary both the dri!ing time and the surface finish,
so actual drilling time must be determined experimentally for each material.
During this program, 80-mil thick specimens were drilled in approximately
1. 5 minutes.

(U) The type of electrolyte used affects the drilling time in two ways. Fir-st,
it must produce tf . desired electrolytic reaction with the work piece material
without detrimentally reacting with the material chemically. Secondly, it must
have a high c-nductivity to provide a high current. Ilydrochloric acid w.as found
to meet both of these requirements for the materials drilled during this program.

(U) The electrolyte flo%, rate affects the drilling time since increased flmow re-
moves the products of electrol, sis and chemical reacttion more quickly, per-
mitting fresh electrolyte to reach the work pit-ce more rapidly.
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(U) Another parameter affecting drilling rate is the voltage across the nozzle
and the work piece. Increasing the voltage increases the electrolytic current
and, therefore, the rate at which the electrolytic reaction occurs. The mai-
mum voltage which can be used is limited, however, because at excessvely
high voltages arcing occurs between the nozzle and tte work piece. The arcing
probably occurs because of vaporization of the electrolyte as a rs.ilt of the heat
generated by the passage of current through the stream. Tf this is the case,
higher voltages, and, therefore, higher currents, could be used by increasing
the electrolyte flow rate, which would keep the electrolyte tempe'ature below the
critical vaporization point. A voL,.)ge just under the arcing volt:tge was used
for all drilling operations during this program.

(U) The final parameter considered was dwell time. l)well time is the length
of time that the drilling olpration is continued after the electrolyte stream
breaks through the material. If drilling is stopped immediately after the electro-
lyte breaks through the work piece, a lip with sharp corners will remain at the
exit side of the holc, and the diameter in this region will be substantially
sm~aller than that of the remainder of the hole, :is shown in Figure 14. Con-

M:&g: Imi
Figurv 14 1•121) hole After Initial Electrolyte Penetration

Sht,% irg l1p 'It hBoUt1'ii of lfolc.(A) Atrri,%%
(11) Dh~ i rectj im of Cutting Actioni
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tinuing the operation several seconds longer removes the lip and rounds the
corners at the exit of the hole. A dwell time of seven seccnds was found to
produce best results during this program. The time that the electrolyte breaks
through the work piece is clearly indicated by a sharp drop in current..

(U) Once the nozzle design requirements and operating parameters xere de-
termincd, it remained to cdetermine to what extent the hole size was repeatable
from one hole to the next and from one nozzle to the next nozzle. A large
number of holes were drilled with te. different nozzles, and the holes were
examined. For any single nozzle, the hole size was relweatai)le tV vwit'hin 0. 1
mil, discounting the effects of nozzle tip erosion, which constituted a progressive
increase iii ho•lc diameter at the rate of (. 5 mil per NO0 holes. Between nozzles,
the hole size was repeatable to withIn f. 5 rmil for b)oth :-mi l and 5-rail (diameter
holes.

-. Coating Trials

(U) In an effo)rt to achieve,' maLximuin cor(rsionm and er()siion. res istance, atte mpts
wvere made to c()atings to the inner s:- fJaces ()I the holes to detcrminýý if

such a pr(o)cess firc teasible. Specimens with four-, si.-., and Len-111il tdi~aon L."
h(oles pr[)(ro uc(I , thv L E(,I) pr()cess 'tcr re die i eo r ii vt, 1'-.c %endt)rs foir c(,ating.

The rrc"'i.ss used by one of the vendors produced a unifofrm c ating thro)ugh all

o)f theý holdes with a thickness equal to that of the co:Lting on the external surface.

Approxi :niatelv one hallf" f the coating inside the h)les diffused into the b:ase
material thereby dcrc easing t' ihole diC (.. -tetr i)y an amnount approximatelIN
equal to the coating thickness. A ty pical coatedl spcc imen is .-ho ~kn in I i ru r

di.10

[" igurv I, ('oated EC1ID lhht)1l Drillted to 4--%Mil lDiamneter at
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Since it was found to be possible to apply a two- to three-mil thick coating to
the inside. of the holes, it was possible to relax the hole drilling i'equirements
from a three-mil diameter hole to holes with diametxrs between five and six
mils. The coating would then reduce the 1ole diameters to two to four mils,
thereby meeting the original requirement.

5. EDM Devel!,2ment

(U) Following relaxation of the hole diameter requirement, holes were drilled
by the EDM process using equipment specifically designed for small-diameter
hole drilling. The vendor who performed the work claimed that by using specially
designed equipment, drilling times would be shorter and the recast !ayer would
be thinner than that obtained using the universal type of EDM equipment. The
vendor produced flve-mil diarieter holes in HO-mdi thick specimens including
Udimet-700 and Mar-M-509 alloys in less than one minute. More conventional
EDNI equipment would reqLire over an hour to produce equivalent holes.
Furthcr, the recast layer was essentially nonexistent. TIhe equipment used is
shown in Figure 16, ard typical holes are s•hown in Figure 17.

6. Multiple-Ifole Drilling

(U) Any pro(ess considered for producing small-diametir holeus must be capable
of producing several holes simultaneously if the process is to have practical
valuo. Multiple-hle drilling trials, therefore, were conducted with the ECII)
process und.r anothNr pro)gram. For these trials, nozzles were drawn from S0-
miu tubing so that a -,pacing of 200 mils between adjacent nozzles could h1. achieved.
A total of 230 holes %ere drilled in 55-miil thick material in groups (if 10 re-
quiring 23 minutes t.,tal time. hole spacing in actual parts may nee,(d to fxe as
close as 50 mils. It is not known at the present time if it is possible to produce
holes b%, the p(cII) process with a 50-ry il spacing, even if the problems of nozzle
spacing can b, -es'o)lved. With .a 50-rail spacing betwecn holes, interficrence naa-
occur between adjacent el-ctrolYte jets causing electrolysis or chemical reactiuns
to. occur on the surface bt-.e n holes. If this is the case. the desi red hole spacing
can still' he obtained, however, by drilling ontm net of holes with double the desirtred
spacing, and then drilling a second set in the spatce hctecn th-ý, hol, i tt the first
set.

C. LOW-CYCIA; FATIGUE V'ESTING

1. IcstI '. rugra ni Desc ription

0i) t•-cycle-fatiguc trseing %%as performed to dtcrininv.- cyclie life of
candidate matcrials %%ith and -ithout holes. I'uo typti• of tests% erv perfotrmet;
a- xial push-pull test., and strip bending teits. hIoth types of test uerr performed
at 1jU'J" 1.
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Figure 16 EDM Equipment Designed for Small-Diameter Hole Drilling

I Figure 17 :Seven-Mil Diameter Hole Drilled by EDM Process Through 80-NUI
Thick Udiuiet-700 in Apprcoximately 50 Seconds
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(U) Axial push-pull testing wais performed with the equipment shown in Figure P~i.
This rig loads the specimen through 'A hydraulic rani to a set strain level, which

is maintained through a linear variable differential transformer (LVI)T) extension-
meter attaclhed Lo the inner surface of the specimen. With this arrangement, the
strain level remains constant throuighoutL the test regardless of strength changes in
the specimen induced by the test. Most ot the tests were performed with aI riax-
imumll strain of one p~ercent, althou~gh smooth specimens were tested at o)ther
strain levels for comparison Jiii'poses. lThe temipe rature of the specimlen is
raised wo the desired level by induction heating.

I'igure 'S HYdraulic alix o)peratedc S-train ( 'c ic Rxig 1. sed lo A xial
Push-Pull ITesting 1, h-j 11;(

(1') Bunn1 testing wans hai Iit'11d in tile I fa~(I til-LI t('St IShlu)\1 inl
F"igure- 19. I'hiSri s-i bjc. tC tht 01C SICin iCin to ut JR(- icldinl. 1 ,d b\ ;tppkixin
equlal Wmd oppo)(site 11Moments to thW endIs Of UPh' SpeI)Cmen, :IS SIM Ill~ iiin l'igu e 2
During reVer-sed bending", thle ntis 4 the si 'ec (4 i me ae (Iisj inm"tt k i nema i ot II
to malinltain a1 eircuLlltm F . ile nIIiaximnun s Lain is n1ýimint:1ilt4 ned ,, nstn thle 'ugh1-
Ou t thle tes't regard less Of strengpth changecs in tile spech.i mev .Sutrain is 'lete rmio iied
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by the setting of the adjustable crank shown in Figure 20. Testing can be per-
formed at elevated temperature by inserting the specimen in the furnace shown
in Figure 19.

4

Figure 19 Pare Bending Low-Cycle Fatigue Big

Figure 20 Operation of Pure Beil~ing lvow-Cycle Fatigue Hig
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2. Specimen Preparation

(U) Four materials were tested during the program. These were conventionally
cast U-700, wrought U-700, directionally solidified U-700, and conventionally
cast Mar-M-509. These materials were formed into strip bend specimens,
such as shown in Figure 21, and into tubular push-pull specimens, such as
shown in Figure 22. Both types of specimens contained 100 holes spaced
approximately 50 mils apart over an area measuring about 1/4 inch by 1 inch.
The holes were produced by either the EDM or the ECID process. Specimens
of each material without holes were tested to provide baseline data. Specimens
were fabricated in two thicknesses, 0. 040 inch and 0. 080 inch.

(U) No heat treatment was required for cast Mar-M-509 material. The U-700
materials all received heat treatments before machining and drilling. The
conventionally cast and directionally solidified U-700 materials both received
the same heat treatment. These materials were solution heat treated at 2125
to 2150'F for four hours followed by furnace cooling at 100'F per hour to 1975°F
and air cooling to room temperature. The wrought U-700 material was solution
heat treated at 2125 to 2150°F for four hours, precipitation heat treated at 1975°F
for four hours, and then air cooled. This was followed by treatment at 1550°F
for 24 hours and air cooling and the-n treatment at 1400'F for sixteen hours with
air cooling. Following heat treatment, the specimens were machined and drilled
by the selected processes. They were then protected by a pack aluminum
coating. The coating process included a diffusion heat treatment at 1975cF for
four hours with air cooling. Following coating, the cast U-700 materials were
precipitation heat treated at 1400°F for sixteen hours. The wrought U~700
material was precipitation heat treated at 1550'F for twenty-four hours and air
cooled, foliowed by heat treatment at 1-l0oUT for sixteen hours with air cooling.
The Mar-M-509 material was precipitation heat treated at 1975°F for four hours
following coating.

(U) The process selected for fabricating the specimens is one which would also
be suitable for complete blade and vane fabrication. Heat treatment was per-
funrmed before machining to prevent the surface recrystallization and contami-
nation which otherivise might occur. In addition, the chosen heat treatment
schedules tend to keelp the grain boundaries clean, thereby enhancing the ductility
of the part. The process was also compatible with a hard-fa'ing process which
Would be required for the turbine blade parts. lhard-facing can he performed on
U,-700 matcrial only when the material is in the as-cast c'ndition or after it has
received the complete heat treatment schedule. A temperature of 1975F witas
selected for the diffusion treatnent following the pack aluminizing process to
ensure that recrystallization of the machined surface would not occur.
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Vigiiru 21 T vpi( 11 S-trip1 fl(ding Spelfcime w~ith 5-'.1,111iamecter

H~oles Prouce bvU.1( ) th( FA(IL) P'roces Hol E~T(k xit
Sur-ice is shown at Lelt and in the Center and Hole
Fintrance is showni at Right X 1)-7 629 G
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3. Test Results

(U) Detailed test results are presented in Figures 23 through 30, and average
values for each material are presented in Table II. In general, the strip-bending
low-cycle fatigue life was higher than the axial push-pull life. The thinner
material tended to have the longer life in axial push-pull cycling, whereas the
thicker material consistently had the longer life in strip bending.

(U) The directionally solidified U-700 material demonstrated the longest average
strfp bending low-cycle fatigue life in both material thicknesses with holes drilled
by either the EDM or ECID processes. In fact, in strip bending, the drilled
directionally solidified U-700 material had longer fatigue lives than any of the
srmooth specimens fabricated from other materials. Wrought U-700 material was
slightly better than cast U-700 material in strip bending, but the fatigue life of
Wrought U- 700 material was significantly shorter than that of directionally
solidified U- 100 material for equal thicknesses and specimen conditions. Mar-
M-509 material had the shortest life of the four materials for each specimen
condition.

(U) In axial push-pull cycling, the directionally solidified tJ-700 material and
the wrought U-700 material had comparable fatigue life for smooth specimens,
but the fatigue life of the directionally solidified material with holes was signifi-
cantly longer than that of the cast material with holes. A typical failed specimen
of directionally solidified U-700 material is shown in Figure 31. For specimens
% ith holes, the cast U-700 and wrought U-700 materials had comparable life.
Mar-M-509 material again demonstrated the shortest life in axial push-pull

cycling.

(U) Tlhe average fatigue life data presented in Table II clearly indicates the
superiority of directionally solidified U-700 material with respect to fatigue
life with and without holes at 1500'F. Study of the detailed data presented in
Figrares 23 through 30, however, indicates that the data for this material con-
tains considerably more variation than that for the other materials. This
indicates that more development effort should be applied to achieve consistent
performance from this alloy.

D. O( )NCLUSIONS AND IRECOMMENDATIO)NS

(U) The fabrication tests demonstrated that 5-rail-diameter holes can be drilled
in su-mil-thick alloys by either the EC'ID or the EI)M process in less than 1 1:2
minutes and that 3-rmil diameter h-les can be drilled in S0-mil thick turbine
alloys by the ECII) process. Further development is required before multiple
nole drilling will be feasible by either process.
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(U) TABLE H

AVERAGE LOW-CYCLE FATIGUE LIFE FOR CANDIDATE

TURBINE MATERIALS AT 1500°F WITH I

PERCENT TOTAL STRAIN RANGE

Axial Push-Pull Test - Average Number of Cycles to Failure

Directionally
Wrought Solidified

Cast U-700 U-700 U-700 Mar-M-509

40-Mil 80-Mil 40-Mil 80-Mil 40-Mil 80-Mil 40-Mil SO-Mil

Thick Thick Thick Thick Thick Thick Thick Thick

Smooth 380 355 1460 1020* 1390 1190* -- 10**

ECID Hoies 50 75 -- 60* 585 32?o -- 10"

EDM Holes 110 150 195* 110 415 550 -- 50*

Strip-Bending Test - Average Number of Cycles to Failure

Directionally

Wrought Solidified

Cast _U700 U-700 U-700 Ma r- M1- 509

40-Mil SO-Mil 40-Mil so-Mil -lo-Mil ,0-Mil -10-Mil sO-Mil

Thick Thick Thick Thick Thick Thick Thick Thick

Smooth -- 815 C 10 1150 -1325 17100 350 0950

ECIDi Holes 270 4:i(0 34;o 5 jZ 1940* 10700 90 150

ENI) Holes 200 5S.5 300 51•Ow 2300 904), 123 220

Based onl onel test

Inte!rpola ted
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(U) Low-cycle fatigue testing demonstrated the superiority of directionally
solidified U-700 material with respect to cyclic loading, both with and without
ECID or EDM holes. The other materials tested demonstrated significantlyI shorter life and appeared to be more sensitive to the presence of ECID and
EDM small-diameter holes than the directionally solidified U-700 material.

(U) Additional low-cycle fatigue testing should be performed to determine the
effects of the type of cyclic strain, the thickness of the material, and the
presence of the pack aluminum coating on fatigue life. The scatter in the data
for the directionally solidified U-700 material indicates a need for achieving
more consistent properties through development. However, the obvious
superiority of this material at its current level is indicative of the potential of
single-crystal U-700, and this material should be evaluated by a similar test
program.

10.0

IIll :,7!
j,--{O 0.0 10-INCH THICK WALL SMOOTHL Ut 0.040-INCH THICK WALL. SMOOTH

,0.00-1NCH THICK WALL WITH ECID HOLE%'"

uL 0.040-INCH THICK WALL WITH ECID HOLES1,. 0 0.080-1NCH THICK WALL WI TH E DM HOLES
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4L
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SECTION IV

ABRADABLE MATERIAL DEVELOPMENT

A. INTRODUCTION

(U) The objective of the abradable material developmeni program was to select
materials with good abradability for use in medium and high temperature en-
vironments.

(U) The program was conducted in several phases. IniLially, a large number
of materials were selected for study on the basis of literature surveys, experience,

and assumed requirements for abradability. The second phase involved fabri-
cation of the materials and bonding them to various materials. Subsequently,
the resulting specimens were subjected to three types of tests. Static oxidation
and aging tests were perfor.ied to determine the miximum service temperature
in air for these specimens. Hot gas erosion tests were performed to determine
the rcsistance of the materials to jet burner combustion gases or hot air at Mach
1. 0 and Mach 0. 8, respectively. Finally, dynamic abrasion tests were performed

to evaluate the behavior of the candidate materials to abrasion from a spinning

disk-and-blade assembly.

B. MATERIAL SELECTIONIi
(1) At the start of the program, the characteristics of a material which enhance

its abradaiility were not rmrecisely known. It was assumed that relatively soft
materials with low density would exhibit better abradability than tough materials

with high density. It was also necessary, 'iowever, to select materials which

.ý,ould withstand the severe oxidation and erosion environment present in high-

temperature environments. Literature surveys showed that, in general, non-

metallic materials would provide adequate life when used at temperatures up to
700 0 F. The more promising nonmetallic materials included silicone rubber,
silicone foam rubber, Epc jlastic, and inorganic binder materials. It was
expected that the abradabiii• of these base materials could be il-proved by the

addition of filler materials such as choppc Fiberglas, hollow glass spheres,
asbestos flakes, graphite, mica, and woven Fiberglas. 2 urther literature
search suggested that porous and fibrous high-temperature alloys as well as
inorganic mica, graphite, and aluminum mixtures might be suitable for use in

the intermediate range between 700°F and 1200'F.

(U) In a high-temperature environments it was assumed that abradability

characteristics would have to be compromised somewhat to obtain a material

with adequate resistance to high-temperature gas corrosioi- and erosion. Con-
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sequently, high-temperature, high-strength nickel base alloys such as Hastelloy X
and Incoloy 800 as well as type 410 stain]lss steel were chosen for evaluation. To
enhance their abradability, these materials consisted of either a commercially pro-
duced hexagonal honeycomb structure cr a drilled honeycomb structure. In addi-
tion, two feltmetals were tested. The complete list of the materials arid material
combinations selected for study is presented in Table mI.

C. FABRICATION

(U) The fabrication of nonmetallic specimens involved the initial combining of
the hinder and the filler materials followed by specimen forming and curing. In
some cases, specimens were formed by applying the mixed binder and filler
directly te 0. 045-inch thick backing plates. To promote bonding between the
material and the backing plate, the plate was grit-blasted to provide a rough
surface, and, when required, brushed with an adhesive sealant or bonding agent.
In other cases, the material was formed into sheets without backing for sub-
sequent fabrication into aging and erosion specimens. Following forming, the
specimens were cured at room temperature or at a slightly elevated temperature
to allow the material to harden. They were then cured at elevated temperatures
to drive off excess volatile agents. Details of the fabrication process are shown
in Table IV.

(U) Drilled metallic honeycomb material was fabricated from Hastelloy X, type
410 stainless steel, or Incoloy 800 materials by close-spaced drilling in 0. 125-
and 0. 187-inch thick sheets. By varying the drill diameter, web thicknesses of
5, 8, and 20 mils were obtained. The holes were not drilled all the way through
the material so that the equivalent of a solid backing plate remained. After
drilling, the material was machined and formed to the dimensions of the backing
plates, thereby eliminpting the necessity of bonding the material to a separate
plate. Details of the fabrication of metallic specimens are shown in Table V.

(U) It was necessary to bond the commercially obtained honeycomb materials to
a backing plate, and this was performed with high-temperature braze alley JS600
(Ni-33Cr-4Si-25Pd) at 2150'F in a hydrogen atmosphere.

(U) Difficulty was encountered in brazing the feltmetals to the backing strips be-
cause the feltmetal absorved the molten braze material. This resulted in inade-
quate braze coverage at the joint, and also drastically reduced the abradability
of the ieltmetal. In an attempt to eliminate the flow of braze material into the
feltmetal (wicking), a 1- mil thick coating of nickel-aluminide coating was plasma
sprayed onto tile feltmetal prior to brazing. However, as shown in Figure 32,

considerable wicking still occurred. Thicker coatings were applied and con
siderable reduction of braze penetration resulted, although some wicking still
occurred. Finally, it was found that wicking could be essentially eliminated by
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(U) TABLE III

MATERIALS STUDIED FOR ABRADABLE SEAL APPLICATIONS

Material Designation

DC-325 Dow Corning white silicone ablative material

DC-93-004 Dow Corning aerospace sealant material

Chopped Fiberglas plus
RTV Silicone Rubber

Eccospheres plus DEN 438 Hollow silica microspheres in Dow Epoxy
Novolac 438 resin

Molykote Z plus DEN 438 Molybdenum disulphide powder in DEN 438

Fiberglas plus DEN 438 Tricon number 101 weave Fiberglas in DEN 438

Fiberglas plus Polyimide Alternate layers of number 108 and number
181 Fiberglas weaves in Polyimide binder

Fiberglas plus PBI Fiberglas fabric impregnated with
Polybenimidazole

SermeTel (PWA-7-3) Mica, graphite, and aluminum added to
SermeTel binder

Hastelloy X Feltmetal

Haynes 25 Feltmetal

Hastelloy X Drilled Honey-
comb with 8-Mil Web

Hastelloy X Commercial Honey-
comb with 5-4il Web

Hastelloy X Commercial Honey-
comb with 8-Mil Web

Hastelloy X Commercial Honey-
comb with 10-Mil Web

410 Stainless Steel Drided
Honeycomb with 5-Mil Web

410 Stainless Steel Drilled
Honeycomb with 20-Mil Web

Incoloy 800 Drilled Honey-
comb with 20-MIL Web

GE-757 RTV silicone rubber foam

GE Nichrome Foametal
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(U) TAB'E IV

FABRICATION PROCEDURES FOR NONMETALLIC ABRADABLE
SEAL MATERIALS

Cormpositioa
Material (a2.._ YPrcenjt Layup Procedure Post-Lay Up Cure

DC-325 Vendor proprietary liaid troweled and room- 4 hours at 250F

temperature vulcanized

DC-93-004 Vendor proprietary Hand troweled and room- 24 hours at 4007F
temperature vulcanized

Chopped Fiberglas plus 50% chopped 1/4 in'b dia- Hand troweled and room- No cure cycle

RTV Silicone Rubber meter Fiberglas wiin heat- temperature vulcanized

cleaned finish 50'7 RTV

silicone rubber

Eccospheres plus DEN 17% Eccospheres and 83'k Hand troweled and heated No cure cycle

438 DEN 438 to 350'1' for 4 hours

Molykote Z plus DEN 438 50% MoS2 , and 50'7b DEN Hand troweled and heated No cure cycle
438 to 350°F for 4 hours

Fiberglas plus DEN 438 60% Fiberglas and 40 70 NMA Curing Agent, BDMA 4 hours at 400°F
DEN 438 (1 Layer Fiber- Accelerator, 250"F for 1. 5 Finished material 0. 065

glas 0. 103 inch thick). hours in "C" clamp-con- inch thick cfter cure

tained mold

Fiberglas plus Polyimide 45 to 50',, Fiberglas and Layup in molb] 2 to 3 hours 2 hours at 250°F, heated to
50 w 55',ý Polyimide at 400F then 5 to 15 min- 400°F over 2 hours and held

(Alternate layers of no. utes at 6000F. Compression at 400'F for 12 hours for

108 and 181 Fiberglas lamina54 I-to 5 minutes 250 to 5007F test range. For

weave) at 500 psi and 750 to 800°F higher Itns tuinperatures,

place in cold oven and raise

to temperature in 2 hours.

SermeTel (PWA 7-3) 100 ML SermeTel 2228 Hand troweled and air dried Place in preheated oven and

plus 20 gins Mica plus 12 hours or more prior to increase heat in increments:
15 gins Graphite plus curing 2 hours at 1407F, 1 hour at

80 gins Aluminum 1757F, 1 hour at 200°F, 1

hour at 360'F, 1 hour at

615°F.

Fib1rg!_s plus PBI Narmco - hnim ite 1850 Layup in mold and com- Oven purged to nitrogen

Pr"-Preg. pression laminated at atmosphere at room temper.-
700°F for 3 hour&. No ature for 1/2 hour, 600°F for

adhesivu '•cd tn bond 1 hour; 650F for 1 hour; 700'F

material to back, o plate tot I h=or: 750*F for 1 hour;

for rub strips 800oF for 8 hours. Cooled t,

below 400°F in nitrogen before

removal.

GE-757 Vendor proprietary Hand troweled and room- 1 ht.ur at 250*r
temperature vulcanized
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Figure 32 Photomicrograph of Feitmetal With 1-Alil Thick Plasma-
Sprayed Coating of Nickel Alumiaide Showing Extent

of Wicking

applying a 5-mil thick plasma-sprayed coating of nickel aluminide and a 2-mil
thick plated nickel coating (see Figure 33).

(U) The bond strengths obtained between the nonmetallic and metallic materials
and the backing plates were initially evaluated by bend testing. A typical bend
specimen is shown in Figure 34 after testing. Final evaluation of the bond
strengths were made during the static oxidation and aging tests and during the
dynamic abrasion tests. Bonds were considered to be satisfactory only when
all failures c f the material occurred outside of the interface between the speci-

men arnd the backing plate.

(U) hi general, nonmetallic bonds tailed because of loss of adhesion between
the specimen and the backing plate as a resilt of thermal degradation of the
bond during aging cr because of insufficient strength to withstand blade impact

during dynamic abrasion testing. Brazed bonds failed only in the feltmictal
specimens and then only during dynamic abrasion testing. These failures were
attributed to insufficient braze coverage during fabrication.
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Figure 34 Typical Specimen After Bending to Evaluate Bond Strength

Between Abradable Material and Backing Plate XP-78,t05

D. TEST PROGRAM

1. Static Oxidation and Aging Tests

(U) Static oxidation tests were conducted for the metallic materials. These
tests involved heaLing the specimens in electric resistance furnaces for 200
hours with thermal cycling to room temperature every four hours. The tests
were performed to determine the maximum operating temperatures for each
material for application in the range from 1000°F to 1900'F. Following testing,

the specimens were examined for evidence of warpage, oxide sealing, and
cracking. In addition, selected specimens were weighed to determine the gain
in weight as a result of oxidation, and they were subjected to tensile and bend
testing when the materials were suitable for such testing. All of the specimens
were examine(] metallographically to determine the extent of oxide penetration.
The temperature and duration of the static oxidation tests performed for each
of the metallic materials are listed in Table VI.

(U) Examination of the lhastelloy X and llaynes 25 feltmnitals follow ing static
oxidation revealed increasing oxide l)cnetration with time and temperature, as
shown in Figures 35 through 36. The change in weight associated wvith the
oxide penetration is shown in Figures Vj and -10 for the two materials. In
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Figure 39 Percent Increase in Weight of Hastelloy X Feltmetal During Static
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(U) TABLE VI

STATIC OXIDATION TESTS PERFORMED ON
METALLIC ABRADABLE SEAL SPECIMENS

Oxidation Time (Hours)
Oxidation Temperature

1800'F 1600'F 1400°F 1200°F 1000°F

Hastelloy X Feltmetal 0 200 200 200 200

Haynes 25 Feltmetal 0 200 200 200 200

Hastelloy X Drilled Honey- 200 200 200 0 0
comb with 8-Mil Web

Hastelloy X Commercial 200 200 200 0 0
Honeycomb with 5-Mi] Web

Hastelloy X Commercia, 200 200 200 0 0
Honeycomb with 8-Mil Web

Hastelloy X Commercial 200 200 200 0 0
Honeycomb with 10-Mil Web

410 Stainless Steel Drilled 0 200 200 0 0
Honeycomb with 5-Mil Web

410 Stainless Steel Drilled 0 200 200 0 0
Honeycomb with 20-Mil Web

Incoloy 800 Drilled Honey- 200 200 200 0 0
comb with 20-Mil Web

evaluating the data presented in these curves, it should be noted that the weight
of the specimens after testing is a function of two factors, namely, the increase
in weight as a result of oxidation, and the loss in weight resulting from separation
of the oxide coating from the specimen. Consequently, the curves have generally
been drawn through the maximum weight points, since, if no oxide separation
occurred, the specimen weight would not decrease with time. Unfortunately,
Figures 39 and 40 cannot be directly compared to determine the relative oxi-
dation tendencies of the two materials. Although both materials were spccified
as having a density of 30 percent of the maximum theoretical density, the density

of Hastelloy X material was actually 31. 8 percent, and the density of the Haynes
25 material was actually 37.3 percent. Further, the fibers in the Haynes 25
material were considerably finer than those in the Hastelloy X material, resulting
in more exposed surface area and a higher oxidation rate.

(U) The bend strength of the feltmetals afttr static oxidation testing was deter-
mined by bend testing. As shown in Figures 41 and 42, the bend strength of
Hastelloy X feltmetal increased with oxidation time at 1000'F but decreased with
oxidation time at higher temperatures, whereas the bend strength of Haynes 25
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feltmetal increased with oxidation time at 10000F and 12000F, with a decrease
occur:'ing at higher temperatures This behavior is attributed to the interaction
of several mechanisms. The material strength is increased and the ductility
is decreased by carbide and precipitation hardening and by the cementing effect
of the oxide formation at the fiber intersections. Continued oxidation however,
lowers the basic strength of the feltmetal fibers. Consequently, the strength
of the material increases with oxidation time at the lower temperatures where
the hardening effects predominate, and it decreases with oxidation time at the
higher temperatures where the deterioration of the fiber strength from oxida-
tion predominates. The extent to which this behavior influences the abradability
of the feltmetals has not beer. determined, but, on the basis of the metallographic
changes and the appearance of the specimens after static oxidation testing, it
appears thaL both materials will provide a 200-hour life at 1200'F.

(U) The results of the static oxidation tests performed on the boneycomb ma-
terials are shown in Figures 43, 44, and 45. No significant difference was
observed between the commercial and the drilled honeycombs when the same
material was used. The behavior of the different materials differed significantly,
however. After 200 hours at 14 00°F, the Hastelloy X honeycomb showed negligi-
ble oxidation, whereas the Incoloy 800 material had surface oxidation penetration
to a depth of about 0. 25 mil, and the type 410 stainless steel had a loosely ad-
hering oxide layer with penetration to a depth of about 0. 5 mil. After 200 hours
at 1600 0F, minor oxide penetration was found in the Hastelloy X honeycomb, and
a thin adhering oxide layer was found on the surface. A 0. 1-mil thick oxide layer
was found on the surface of the Incoloy 800 specimen with intergranular oxide
penetration to a depth of about 0. 5 mil. The stainless steel specimen was severely
oxidized. After testing at 1800°F for 200 hours, the Hastelloy X specimen was
oxidized and pitted on '.1'& surface to a depth of about 0. 25 miu with about 1. 0 mil
of intergranular oxidation. The Incoloy 800 specimen was oxidized to a depth of
about 3. 0 mils. Because of the severe deterioration of the stainless steel speci-
men at 1600 0F, stainless steel was not tested at 1800 0F. It is apparent from these
results that the Hastelloy X matei ial is superior to the other materials with re-
spect to oxidation resistance and that the Incoloy 800 material is superior to the
stainless steel material.

(U) The nonmetallic materials were subjected to the aging tests shown in
Table VII. Each material was tested initially at the maximum anticipated
service temperature, and, normally, if satisfactory results were obtained,
testing was not performed at lower temperatures. The test results obtained
at the ma:imum qualifying temperatures for each material are shown in Table VIII.
As shown, SerrneTel material demonstrated an acceptable 200-hour life at
1200°F; Fiberglas plus Polyimide demonstrated a 200-hour life at 600'F; and
the remaining nonmetallic materials demonstrated a 200-hour life at 400'F and
500°F. These results should be considered to be indicative of the capabilities
of the binder material and independent of the particular filler material used.
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(U) TABLE VI

STATIC AGING TESTS PERFORMED ON NONMETALLIC
ABRADABLE SEAL SPECI-MENS

Aging Time (hours)

Aging Temperature
1200

0
F 600_1• 500'F 4000]F 250'F

DC-325 0 0 200 200 200

DC-53-004 0 0 200 200 200

Chopped Fiberglass plus 0 0 200 0 0

RTV Silicone o-.abber

Eccospheres plus DEN 438 0 0 100 0 0

Molykote plus DEN 438 0 0 100 0 0

Fiberglas plus DEN 438 0 0 100 200 200

Fiberglas plus Polyimide 0 200 0 0 200

Fiberglas plus PBI 0 0 200 0 200

SermeTel (PWA 7-3) 200 0 0 , 0

(U) FABLE VII

STATIC AGING TEST RESULTS FOR NONMETALLIC
ABRADABLE SEAL SPECIMENS

Aging Aging

Bindc iller Temper- Time
NMaterial MV.erial ature (F (fours) eremarks

DEN 43$1 Fiher 1 .s 400 200 Accepted: binder appears
dark and iirnewhat em-
brittled.

DEN :38* Fibergla: 500 200 Failed: binder separated
from filler. Severely
charred and cracked.

DEN UIs: Mulykote Z 500 Failed: material severely
warped brittle and crt ed.

DrEN 438' Eccospheres .100 Failed: mateiial severely
warped brttle and crackod.

DC-325, Proprietary 5001 Accepted: material
slightly hardened.

[UC-93-ll0l l'r:prictlrý 500 hAccepted: material
slightly hardeni d.

SIt:' l,:-n cs Choplpd 3,00 Accepted: manteral
lubber Fi erglas slightl: hardened

Pill dilerglas (11o Accepted: rglihgsble
change.

I'IlI IF iberglas C0:0 I failed: comlplete lows of
hinde,

lyon de FIlberglas I;:: 2:0: Accepted: mrg".igile
change

Siriu el'el M ia , (;raphit-., I'00: -1W, Ac" l11e1d: L-e surface
(11%A 7-3) A t iinnum. ha te-iw ng n ýtrd •rmie

ipaDing of 'qateril

,harp edgr rt4-0

-I'he .llii-hiiiir 1-'r ice Lnli ral'r ite these- cite r' 5)s 5.) he a ulilh ic he

1011"i on '.e h . 4)il1 lie fratl tat resnths ItL stef ia il it- .
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(U) The results of the tensile tests performed during the program are shown in
Figure 46. Both the Haynes 25 and the Hastelloy X teltmetals showed a marked
decrease in tensile strength after static oxidation testing at 1200°F for 200 hours.
The strength of the nonmetallic materials generally increased with aging at the
lower temperatures, but decreased at higher temperatures. This behavior is
attributed to additional curing of the binder material at the lower termperatures
and to deterioration cf the binder at higher tenmperatures. The filler material
used affects the nominal strength of the mnqterial, but it does not appear to affect
the rate of deterioration.

i00000 F ERGLAS- P)3

4 -0,000 J- - "

-3 ~FIBERGLAS-DEN
FIBERGLAS-POLYIMIOE

U)JF 10,000 . .
k- a 00o
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0 ECCOSPHEPE OEN -- _., HA'-ES 2 FEL ETAL_
I- _ EYTRAPOLATED,

I 00C

a-DI -L°° -"Zl -_]
DC 93004

800 400 000 800 00 " 20 • -00
AGING-OXIDATION TEMPERATURE

Figure 46 RouGT "fempelature Tunsile Stiength of Abradable Materials
After Aging for 200 Hours at Various Temperatures

2. Hot-Gas Erosion rests

(U) The maximum temperat.ure at which eacn material could be expected to
demonstrate a 200-hour useful life %as detrrn~ncd .)n the basis of the static
oxidation and aging Wests. To evaluate the materials further, each material was
exposed to a high velocity gr-s stream for 100 hours at this temperature. Mate-

rials for use at medium temperatures were tested in the equipment shown in
Figure ,!7, and the air.terivls fc high ten.perature use were tested in the equip-
ment shown in Figures 48 and ,19.

1U) All of the r.at,.rib's wbich - re cnd 1,iat's for use in the medium temtperature

range demonstrated an ability to resist erosion from a Mach 0. 8 gas stream
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Figure -18 Hot G;as E'rosion Trest 1-quipment for Abradable Materials for
flig~h-Tcmiperature Use X-23639

I'i 11)r I .t)scup) \it-w od 110!t G~ý Iflnisi! rcst l.(lih1)flhtt tr A r.-\bz- I: d
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for 100 hours at the temperature determined on the basis of the static aging
tests (see Table IX). As shown in Table IX, some of the tests were termi-
nated before a complete 100 hours had been accumulated since the erosion
properties are limited by the binder material used, and many of the materials
had identical binders. When initial results were the same as those for a ma-
terial which had already been tested and which had the same binder, it was as-
sumed that the results for the remainder of the test would also be the same.
The conditions of all of the specimens is shown in Figure 50.

(U) The materials which were candidates for use in the high temperature
range were exposed to combustion exhaust products at Mach 1. 0. The results
of the tests on Hastelloy X honeycomb materials are shown in Figures 51
through 54. All of these specimens contained an adherent oxide coating approx-
imately 0. 5 mil thick after testing. Intergranular oxidation extended from 4. 0
mils beneath the surface for the specimen tested at 1800°F for 100 hours to 2. 0
mils for the specimen tested at 1600°F for 100 hours. The other Ilastelloy X
specimens were tested for shorter periods of time and, therefore, had propor-
tionately less oxide penetration. R should be noted, however, that the surfaces
exposed 'irectly to the gas stream suffered somewhat from erosion. For ex-
ample, the hot gas impingement area of the liastelloy X drilled honeycomb spec-
imen tested at 1800*F for 100 hours suffered a loss of approximately 25 percent
of the web width as a result of erosion.

J(i) The results of the test on Incoloy 890 specimens are shown in Figures 55,
56, and 57. After 47 hours of exposure to a Mach 1 gas stream at 1800F, con-
siderable erosion had occurred. The remaining oxide coating was 2 mils thick,
and intergranular oxide penetration extended approximately 4 mils beneath the
surface. One hundred hours of exposure to a Mach 1 gas stream at 16UO01F
resulted in essentially all of the oxide layer being eroded amay with a reduction
in web thickness of about 5 percent. Intergranular oxidation penetr:ated about
4 mils beneath the surface. Testing with a gas stream at 1400'F for 100 hours
resulted in essentially the same conditions, as shown in Figure 57.

(U) lict gas erosior. results of the test on type -410 stainless steel are shown in
Figure 58. Exposure for 100 hours to a Mach I gas stream at 1-100,F resulted
in significant oxide surface erosion which reduced the web thickness b:t about
10 percent.

(U) On the basis of the static oxidatiot, and the hot-gas erosion tests, it :appears
that Ilastelloy X drilled or commercial ho)neycomb %%ould provide a :!"'-hour ser-
vice life at l0so"F. The Incoloy Soo material would be marginal at l .iUIY i, a1-
though it w•ould be satisfactory at 1-1001F, as would the type -lit' stainless steel.
Neither the web thickness or the method by \ hich the honeycomb -as pr(oduced
appeared to atfect the service lives of these materi-tls.
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(U) TABLE IX

HOT-GAS EROSION TEST RESULTS FOR CANDIDATE

MATERIALS FOR FAN AND
COMPRESSOR SEALS

rest Time

Tern-- in
perature Test

Material (OF) (Hours) Remarks

DC-325 500 100 Local hardtning; negligible
surface erosion.

DC-93-004 500 100 Local hardening; negligible
surface erosion.

Chopped Fiberglas plus 500 14 Test terminated after 14 hours;
RTV Silicone Rubber material showed results similar

to DC-325 after 14 hours.

EccoEpheres plus DEN 438 500 12 Severe charring; negligible

erosion.

Molykote Z plus DEN 438 500 100 Minor surface cracking and
blistering; moderate charring;

negligible erosion.

Fiberglas plus DEN 438 400 100 Mirror surface cracking;
negligible erosion.

Fiberglas plus Polyimide 600 100 Negligible surface erosion.

Fiberglas plus PBI 600 100 Binder completely eroded
from filler (Fiberglas).

SermeTel (PWA 7-:i) 1200 100 Negligible surface erosion.

l1astelloy X Feltmetal 1200 100 Negligible surface erosion;
negligible oxidation.

llaynes 25 1-, 'Itnetal 1200 100 Negligible surface erosion;
negligible oxidation.
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Figure 55 Pliotomicrographs of Incoloy SOO) Driilied Iflonyconih With 20-NMiji
Web After ExpJosure to Mach 1 (,as Stream at 18'00'F for 17 houMrs
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3. Dynamic Abrasion Tests

(U) The dynamic abrasion tests simulated the actual mechanical and thermal
conditions that the abradable specimens would be expected to sustain. The
specimens were mounted on a brake-shoe block, heated, and moved into a
bladed-disk spinning assembly. The test equipment is shown in Figures 59
and 60. All of the specimens were aged at the temperature for which they
were qualified as a result of the aging and erosion tests. However, a number
of the specimens failed during aging because of inadequate bond strength between
the abrasive material and the backup plate. The condition of the specimens
before and after exposure to the maximum static oxidation of aging temperature
is shown in Table X and Figure 61. The specimens which were in satisfactory
condition were used in the dynamic abrasion tests. Unaged specimens were
substituted for the failed aged specimens to provide additional information for

calculations of the abradability index and to determine the unaged abradability
of these materials in the event that future work improves the bonding techniques

and permits these materials to withstand the aging treatment.

(U) The abrasion test results %%,?re evaluated on the basis of a semiquantitative
abradability index developed for the purpose during this program. The index

was developed on the basis of several considerations. First, no blade tip wear,
Wt, was to be tolerated, nor could bond failure in the abradable material be
tolerated. Further, the drag force produced when the specimen contacts the
blades, Fd, should be as small as possible. A large drag force indicates un-
desirably strong resistance to abrasion. The penetration time, Tp, which
represents the time for the drag force to return to zero, should be as shrort ao
possible, since the least reduction in blade tip speed is desired, and since a
short penetration time indicates ease of abrasion. Finally, the depth of pene-
tration, Dp, should be as large as possible for a given gLoove drag force and
penetration time. It was assumed that penetration time and drag force would
be inversely proportional to the depth of penetration in establishing the abrada-
bility index. The requirement for no tip wear resulted in weighing this para-
meter by a factor of 1000. The resulting equation for Loradability index is:

Abradability Index. T r d (1 + 1000Wt)

(U) It should be noted in considering this equation that sufficient data is not
available to verify the relative weights assigned to the various parameters.
flowever, it is felt that the oquation provides sufficient reliability to indicate
the comparative abradability of the materials evalu:,t'd. In using the abrada-
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Figure 59 Dynamic Abrasion Test lug- 11-653-F[

1. Strain Gage Trans- 3. Air Actuatoe-

ducer Link 4. Compressor Rotor

2. 220-Volt Hleaters 5. Steam Drive Turbine

F-igrure GO C( u Vie of I)Ynaiiu i A braision Ies t Hig X- 2-1-7 10(

1. Abradal~l Sea Sample :p.Actuator Ilead

2. Abrad-ible Seal Heater -1. Tranfsduceri azid Thermnocoup~le
Levad Wilres
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(U) TABLE X

ABRASION TE3IT SPECIMEN BOND CONDITION

BEFCHE AND AFTER AGING

Bond Condition

Material As Fabricated After Tea' Exposure

DC-325 Good with minor cracking Marginal with some cracking
of material when bent but and Iocelized separation of

negligible bond failure, seal from back-up plate after
aging.

SDC-93-004 Same as D)C-325 Poor: seal separated from

back-up plate during aging.

SChopped Fiberglas Marginal with some sep- Marginal
Splus RTV Sil~cvne. aration of seal from back-

Rubber up plate when bent.

Eccospheres plus Poor since brittl, material Poor
D)EN 438 shatters when bent.

Molykote Z plus G'-)d: Material and bond Poor: seat cracked and sep-

DEN 438 withstood normal bending. arated from backup plate
during aging.

Fiberglas plus Good Poor: bond failure due to
DEN 438 aging.

Fiberglas plus Good Good

Polyimide

Fibel'glas plus PBI Marginal with some sep- Poor: Seal separated from
aration of laminate noted backup pl..te during aging.
alter fabrication.

SermeTel (PWA 7-3) Good Poor: seal cracked and
separated from backup plate

during aging.

Hastelloy X Felt- Good Fair: localized tond failure

metal Jue to braze "wicking."*

flayres 25 Felt- Same as tIastelloy X Same as flastelloy X

metal

Hastelloy X Coin- Good: strength of honey- Good
mercial Honey- comb braze prevented
comb nornual bend test.

Hastelioy X Drilled integral specimen: no Integral specimen: no bond

floneyc,)mb bond required, required.

410 Staih.ess Steel Integral specimen: no Integral specimen: no bond
Drilled HIoneycomb bond required. required.

Incolouy 800 Drilled Integral specimen: no lntegial spectmen: no bond

looreycom•b bond required. required.

GE-757 Same as DC-325 Marginal: local separation
from backup plate in rub
ared. (Specimen nut aged)

GE Nichrome Good Specimen not aged

Foametal

OWicking: absorption of braze alloy by feltmetal by capillary tction which

starves bond interface.
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Figure 61 Typical Nonmetallic Abradable Specimens After Aging for Various
Periods at Various Temperatures XP-77923/XP-77926

bility index, it was necessary to determine a value whicr• would separate ma-
terials with acceptable and unacceptable abrasion characteristics. Study ot
the equation and the material requirements resulted in selection of the index
value of 71. 4 with Fd expressed in pounds, Tjp in seconds, and D. and Wt
expressed in inches. Index values of 71. -1 and below, therefore, were considered
to be acceptable, and values above 71. .1 were considered to be unacceptable.

(U) Results of the abrasion tests are shown in Table XI. As shown, the only
qualifying material is DC-325. All other materials had excessively high
abradability indices,. failed to surve the mandatory aging treatment, or
physically failed during the abra.ion test. The conditions of typical specimens
after dynamic abrasion testing are shown in Figures (62 through 75.
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Figure 62 IX'-32- 1'nacged (Top) andl Aged (Bottom)) luh-S trip Spe~d inens.

After Dilnamic, Abrasion Testing it 525'F and 500 'V, Respecti\ e1%
X11-77925

Figure G3 I)(-93-00nA I' nageti Rulsrpsvlit h s A'ij \ t Ivaztidc .\hrasionl
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(U) TABLE XI

"nYNAMIC ARRAMON TEST NIESUILT33

Drag I

Contac Time for Depith Of Drag Prnet

Prerii, Blade Time peactgrsaiof Pf'i'tration Force DWp

Dc -32 5 Unaged 13,990 0.2 0.0 ~ B'

DC -32! Aged 100 i 3. 994 3 0.2 0.0)40 1.3 3

H~ours at 25W
F and 200)
Hours at
50O.F.

DC -93-004 Unagd 14, 000 0 0. 064 0

Chopped Fiberglas Unaged 14. 000 4 3'4 0 11.uul 1

plus RTV Sitcom 
Rupturrd

Rtubber

C'hopped Fiberglas Aged 14.000 5 ) Bon

plus HTV Sillee,.. 
Ruptured

Fiberglas Plus Una~d 13. "i 0. 1~ 013 1.

DEN 43A

ritbergas plus Aged 14.)00 0I 0.3 0,; 4;) .I

DIEN 43A slightly 4thrnugh
loose due sea,)ug
to drilling 

s~I

Ntolyo~ ii Lnaed 13. 956 5 3 4 01.1. .4

Plus DIEN 439

litberglas plus Unaged 14. 0561. 43 3.2

rittorgL-ts plus Aged 14. 0m) 1). 1r. J5'

SemgTt 'W-73 Iagd 14.111 mmI *~ 3 021.

Itastell*'y X ACed 13.461; 4 1 0. 1 3

rvltrnw'f

Htaynes '25: Aged 14.1. 4) It, 0. I

Pi.lrnetal

ltastrlloy X Aged 13.~. *1. 0.0

ncytgov.nb with

410 MtaiIts*5 4o 14. 01W4 4 1.4J.0, ' 3

ut~~~~1 t 
1s)01. 1

twitie,.'fI s

l.%ti1 :s jft-A bA kd-dtit1
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IVF) TABLE Xl

DYhAM3C AIIRAMON TEST RESULTS

c oe w FrDpho Wa Pfro Initial Temperature Blade

Tlm. V~rSuefl 'oacatitao roft. o.t Temperature "I"a Tipror Abtaiý'utllfy

is±'ml!j -M!-" 0" _. U (rtb/la) (*F ... 4L.... nchb') Index

6 0.2 0o oeo 6.6 R2. 5 $5 0 0 f. 5

5 0.2 0.040 1.3 22.6 500 0 0 16.5

6 0 0.l~ 0P 0 25

4 3/4 a 0 0 5$0500

Raptured

5 0 twond 00 000

Ruoun 'l

S .. .~1.3 t 1. 410 .. 0 17.3

9 1/2 0.3 0.0of;0 25. 410 1 a

tbr-wglb

S3/4 0.15 0.0614 4 90 0 20)0 .

1.7 .045 M3.I) 26311 15 0. 002 606

0.3 0. 024 ~ ,oo00 1 1.

s1, 2 0.3 1.2 1 12 1071.1

43 4 0.5 11 ic, 4 .$3~ 0. 003 444. 0

1 1 4 3,50 -32 0.04 P'oo 1

45-1 1.4 "00. o. 13 000 0443.0

-,1 . 3 2 040 J. IN 5
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Figure 66 Molykote Z Plus DEN 438 Unarpd Rub-Strip Specimen After
Dynamic Abrasikn Testing at Room remperature XP-77928

Figure 67 Fiberglas Plus DEN 438 11naged ("'Pp) and Aged (Bottom) htub-
Strip Specimens Alter D\ ilarn-c Abrasion Tresting at 11 O'V

XP-7 i929
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Figure 6i8 Serine'lel (PVA 7-:3) Unagcd Rub-Strip Specimen After D':-nanlic

Abrasion Tresting at 120"F XP-7 ý51 1

FiueG ibtc-1 ~!as PIIus P1,11 ~1,11gteI (Ik~!i.~t I4 uh-St rip

Spvci inc is A I t cr i '.t liaiii c.A\Ilasi w I' c st i ~I yat 13 5 V -.iI Id 6oo
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Figure 71) Iastell ' v ecltmetal Aged Ruh-Mrip Specim~en After 1)vnamic

Abrasion Testing at 1 00 571* "- 711

Vigure 71 1la~vnes 25 V citmetal Aged l~ub-Strip Specimen .ter D. )namic

Abrasion Testing at 9(2 (4 1" X11-7 T92-1

F i pi r 72 HlastclN)u\ X Colulluercia, flwlowN c(t)!fl A\ged ltt;i-sfrip ip(6flmý

Alter D1)nanlijc A\br-asion~ I'stjill? at V X11 7
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Figure. 7:2 T , pc 410 Stainiess F'tec1 D)rilled fhonoYcomb Aged Rlub-Strip
Specimen After D)-vilan-ic Abrasion 'resting at 11-1 5CV XIP-77927

Figu re 7-1 GEV-757 U ntged Rub-Strip S-pecimien After I )~na nc .\hra sion
V'esting at A(PýO F X P -7,-!)

Abraiton l'csi n~ig "tt I111)11 1' \P -7 1I3
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E. CONCLUSIONS AND RECOMMENDATIONS

(U) None of the materials successfully completed all of the evaluation tests.
However, as shown in Table XII, none (A the materials evaluated satisfied this
requirement. Only one material was considered to be even marginal, and this
was DC 325 material, which has good characteristics except for bond strength
and service life, both of which are marginal

(U) The metallic honeycomb materials failed to qualify primarily because of
their toughness and abrasive qualities which caused blade tip wear. Insufficient
bond strength was the chief cause of failure for the nonmetallic materials. In
view of these results, it is evident that further study is required to determine a
geometry which will reduce the toughness of the metallic specimens to eliminate
the problem of tip wear. Additional study of nonmetallic materials is also
recommended.

(U) This program attempted to demonstrate the capability of a number of non-
metallic materials to withstand the conditions existing in medium temperature
environments. These materials did not qualify, however, because of the
abrasive qualities of the filler materials, which resulted in blade tip wear.
Consequently, future work with nonmetallic materials should be concentrated
on an extensive investigation of a number of filler materials in combination with
a limited number of proven high-temperature binding materials.

(U) Several useful trends were established. A measure of abradability was
developed which is useful for comparing the relative abrasion qualities of mater-
ials. In addition, it was found that abradability appears to be inversely propor-
tional to the tensile strength of the material. Finally, a number of materials
were found which are capable of withstanding high temperature corrosion and
erosion conditions. The outstanding problem is finding a material which is
capable of withstanding operating environmental conditions and which also has
sufficiently low toughness and abrasive characteristics to preclude blade tip
wear.
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(11 rALLE XT

SUMMARY OF ABRtADABLE SEAL MArEluLALTEST PROGRAM

Static Abradable Seal

Fabrication Oxidationl Hot Application

Component Bond and, Gas Dtynam~ic At Maximum Qualifying

Material Apiation Strength Asing Erojsion Aadabilitn Temperature Remarks

DC-325 Fan plus low- Marginal Go' d Good Good Marginal Leas than 200 hour Ulfe

temperature
compressor

DC-03-004 Fan plus low'- Poor Good G;ood Good Unacceptable Bond failure

temperatu re
compressor

Chopped ',berglas Fan plus low- Poor Good Good G, od llni~cceptable Bond failure

plus RTV 60 Silicone temperature

Rubber compressor

Eccospheres and Fan plus low,- Poor Poor Good Poor Unacciýptabie Brittle bond and seal material

DEN 438 temperature
compressor

Molykote Z. plus Fan plus low- P'-,,r Good Good Good Unacceptable Btrittle bond

DEN 438 temperattore
compressor

Fiberglas plus Fan plan low- P(to r (;(.,d Good G;ood CinaccepLable Wond failure

lDEN 43M temperature
compressor

Fiberglas plus -san plus lo%- Go d Good Good Pooir U'nacceptable Blade tip wear

Polyitmide Lemperature
com~pressor

Fiberglas plus PBI Fan plus low- oor Good Good Pioo r lnaccceptabl&' Bond failure avd blade tip wear

temperature
coimpressoir

Se:meTel (PWA 7-3) Fan and Compres- P~o,,r Good Good Good U nacceptable Biond failure

sor

Bustelloy X Compressor and Poor Good Good P'oo r Unacceptablc 11ord fiilurr and blade tip wear

Feltmetal Turbine

Ilaynes 25 Felt- C, npressor ano l'o, r Goo'd (hood l'.,, r l'naiietitable lioud failure and blade tip %ear

metal Turbine

liasteilliy X Drilled C~ompressor and Gýood 0Gt oi 0,o~d l''o r Unavceptilel Blade til ocar

lioneycomib Turbine

flastelloy X Com- Co mpresusor and G,,.d Go.I (;.,d P'oo r I nami eptatle Bllade tip toear

mercial ltcnr~iotnoi l'urbine

410) Stainleva' Steel (timitrvnor .001 C0,td Good i;"toi V'tr I tacepuille Mladle tup ear

Drilled lloneccomib l'urhine

lncoloi 'too trill-i Cotoipreustir Md (;-'d GoI Go0d Ptoor tlnucteltaolC Wiaditsip. wer

Hoiney cimb I a nina:e

E-57 n And 1- - MI 
tat - Prlro rloante Sim Ia r t. Itt-i ,ý

teipetraliir 
a ith -ottiut oatrial criackning

-niipressttr

GY Nhr ote i an and to,iit -d1-r 
,A,, Lmttli tlitis tip, to-f
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SECTION VI

EVALUATION OF MATERIALS FOR USE IN A HIGH-TEMPERATURE
CORROSIVE AND EROSIVE ENVIRONMENT

A. INTRODUCTION

(U) A number of materials were evaluated for use in a high-temperature cor-
rosive and erosive combustion environment. The program involved four distinct

tasks. Initially, materials were selected for study on the basis of experience
and a literature survey. This was followed by the fabrication of specimens for
testing. During the fabrication effort, data on the formability and coating of

the materials was obtained, and welding requirements were determined. The
third task was low-cycle fatigue testing, and the fourth task consisted of two

series of thermal endurance tests.

B. MATERIAL SELECTION

(U) The materials for evaluation were selected on the basis of high-temperature

strength and good oxidation-corrosion resistance. A literature search resulted in
the selection of nine basic materials, including high-temperature nickel-base

super-alloys, dispersion strengthened alloys in coated and uncoated form, and
coated refractory alloys. Hastelloy X was also included to provide baseline data.
The complete list of the materials evaluated is shown in Table XIII, together with
nominal compositions and suppliers.

C. SPECIMEN FABRICATION

(U) The specimens were fabricated to a design which simulated a louvered sec-
tion of a typical combustion liner. ['he specimen design is shown in Figure 76.
No difficulty was encountered in forming any of the materials except thoriated

L-605 alloy and coated TD nickel-chrome alloy. Several attempts were made to
form L-605 alloy to Lhe required geometry, but each attempt resulted in cracks
in the specimen. Various attempts to heat treat the material to improve its
formability were unsuccessful, The heat treatments attempted are shown in

Table XIV.

(U) The formability of coated TD nickel-chrome alloy %%as foun! t.) be signifi-
cantly poo-e,r than that of the uncuated material. Specimens were successfully
fabr:,i:-,d, however, by using a hot forming process.

(U) Resistance welding %,ias used for all of the materials except Cb-129Y, which

was electron-beam welded because of its high melting point. Welding did not

cause any difficulties during fabrication.
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TABLE XIV

Heat Treatments Applied to Thoriated
L-605 Sheet Prior to Forming

Time at Cooling
Temperatturt O.. Atmosphere Temperature (hr) Rate

2250 Hydrogen 1.00 Air quench
2250 Hydrogen 0.25 Oil quench

I 2250 Hydrogen 0.25 Water quench
2300 Hydrogen 2.00 Cooled in H2

A
0.042" - 0.003' VIEW A

S0.045"R"-1-TO-4 1'4" 

0.090 R

I ,COOLING HOLES:

o 0.062" DIA. d:0.005"
0 I 0.16 2' -k 0.005 " ON CENTER
O (10 HOLES)
0

12" '2 0
01
01

0 ,,
0 1

Figure 76 Test Specimen Design

(U) Two coatings were used to provide oxidation protection for the material.
A coating of Cr-Ti-Si material was applied to the refractory alloy, Cb-129Y by
a two-cycle vacuum process. Prior to coating, all edges were ground to a mini-
mum radius of 0. 050 inch, and fillet welds were added to joined pieces to provide
the minimum 0. 050-inch radius at all interfaces. The radii were required ts
ensure coating integrity at all joint interfaces and edges. Thoriated nickel and
thoriated nickel-chrome alloys were coated with a duplex chromized-aluminized
process. All edges of these specimens were ground to a full radius to prev(.nt
unequal coating buildup, Photomicrographs showing the coating produced ave pre-
sented in Figures 77, 7? and 79.
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Unetched Mag: 1Q00X

Figure 79 Photomicrogmph of I'D Nickel-Chrome Specimen With Duplex
('hrome-Aluminide Coating

D. LOW-CYCLE FATIGUE rESTING

(U) LUw-cycle fatigue testing was performed on selected materials using the
true reverse-bending rig shown in Figures 80 and 41. The materials tested were
uncoated 114telloy X, uncoated TD nickel, chrorne-aluniinde-coated TD nickel-

chrome, and uncoated Inconel 625. Each material was tested at fiv.' strain le~els,
1. 2, 0. 87, 0. 68, 0. 55, and 0. 38 percent. These strain levels %%ere chosen to

simulate the environmental strains iml1x)sce by thermal cycling (luring engine

l)eration. Testing was performed at 1650 and 1800I*1.

(U) The fatigue data obtained was correlated by fit~ing an aadIytically determined
equation to the iata. l'hiM equation was developed using ihe principles presented

1w l'avernelli and Coffin1 and Nanson 2 . Construction of the analytical vurve is

1j. 1F. avernelli -and L. F. Coffin, Jr. , "Exptrimental Suppý)rt for (Getneralized

Equation Predicting LoN% Cycle Fatigue," Journal of llasic Engineering, December

1962.

2S. .. Manson, -Fatigue: A Complex Subject - Stie Simple Approxinmatimis,

ExLý.,rimental MNtcha-mcs, July 1965.
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Unet-ched Mag: 1000X

Figure 79 Photontie1rograph of TD Nickel-Chrornma Specimen With Duplex
Chroine-Al'imiride Coating

D. LOW-CYCLE FATIGUE TESTING

(U) Low- cycle fatigue testing was performed on selected malterials :itshng the
true reverse-bending rig shown in Figures 80 and U11. The materials tested were
uncoated Hastelloy X, uncoated TD nickel, chrome- aluminde- coated TI) nickel-
chrome, and uncoated Inconel 625. Each material was tested at five strain levels,
1. 2, 0. 87, 0. 68, 0. 55, and 0. _8 percent. These strain levels were chosen to
simulate the environmental strains imposed by thermal c3 --ling during engine
operation. Testing was perfoi med at 1650 and 1800'F.

(U) The fatigue data obtained was correlated by fitting an analytically determined
equation to the 6ato. This equation was developed using the principles presented
by Tavernelli and Coffin1 and iManson 2 . Construction of the analytical curve is

1 J. F. Ta~ernelli and L. I'. Coffin, Jr~., "Experimental Support for Generalized
Equation Predicting Low Cycle Fatigue,"1 Journal of Basic Engineeling, December
1932.

2S. S. Mantson, "Fatigue: A Complex Subject - Some Simple Approximations,"

Experimental Mechanics, July 1965.
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Figuro 80 '[rue lleverse-Bendii.- Ir (ow-( cle IFatigue Rig X-22621
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shown in Figure 82. As shown, construction of the curve depends on the values
of the fracture elongation, the ultimate tensile strength, the endurance strength,
and the modulus of elasticity. By using static properties, it is possible to con-
struct the fatigue curve without obtaining experimental fatigue data.

(U) The plastic portion of the curve consists of an intercept and a slope which
are dependent on the relationship between the plastic strain and the total strain
of the material. This relationship must be known for any given level of strain
and may be determined from tensile test plots of stress versus strain, since
total strain equals the sum of the plastic strain and the elastic strain. The
elastic portion of the curve is proportional to the ultimate and endurance strengths
of the material. The equation used for this program was:

((f- ea) nus ln~utsae)

t 2 + 2 (4N)
tr (4N) 2a E 2o--

ln(O. 25 x 10)

where:
1 tr Total strain rangetr

Ef Fracture elongation

10.0

-RACTURE ELONGATION

U

UJ
1.0

Z U LASTIC TAL- PLASTIC +ELASTIC

*-. MODULU I MODULOF ELASTICITYI

0.25 1 10 102 103 i04 l05 106  107 108

FATIGUE LiFE T. CYCLES

Figure 82 Analytical Construction ol Fatigue Curve
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f = Mean applied strain
rn

a = Material constant

a uts = Ultimate tensile strength

E Modulus of elasticity

a Endurance strength
e

(U) For this program a minimum of experimental fatigue data was used to deter-

mnine a "best fit" curve. This was done by substituting the values of fatigue test

d'ta into the aqnalytical equation to determine the correlation with the known static
properties.

(U) Low-cycle fatigue test results, based on the correlation method described
above, are presented for each of the materials in Figures 83 through 88. No

data is presented for Hastelloy X or Inconel 625 materials for fatigue life at
1800°F because plastic deformation occurred during testing which resulted in

"hinging" of the specimen. A typical hinged specimen is shown it, Figure 89

together with a normal low-cycle fatigue fracture. In reviewing the curves, it

should be recognized that some error is probably present at the high-life range
since .,,o fatigue data was obtained at strain ranges below 0. 38 percent.

• 100

I-

Z

6u
CIL

w .

1. 075• 1.0 10 102 •.3 104 1o5 106

FATICUE LIFE - CYCLES

Figure 83 Low-Cycle Fatigue Test Itesults for llastelloy X Material at
1650"Y"
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10.
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FATIGUE LIFE -.CYCLES

Figure 84 Lmv-Cycle Fatigue Test Results for TI) Nickel Alloy at 11650T
and lsoo*F
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Figure 6-6 LwCyA Fatigue Test ltesult-z for 'I)D Nickel-Chiurni Alloy

Coated With Chronic-A lurinide Coating at 16,50T aixt lOO*F
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Figure 88 Low-Cycle Fatigue Trest Results for Inconel 625 Alloy at 165)0'F

F'igure S9 Normual [vw-Cycl.e Fatigut Sp~cimene After Fa ilure (T'op) and

NOFORN

UNCLASSIFIED



UNCLASSIFIED

(U) Comparison of the curves shows that for a 1000-cycle life at 1650"F, coated
TD nickel, Inconel 625, and uncoated "FD nickel-chrome posses the best fatigue
characteristics. These are followed by coated FD nickel-chrome, Ilastelloy X,
and uncoated TD nickel. At 1800°F for the same cyclic life, the order is the same
except the Inconel 625 and Hastelloy X must be eliminated entirely since both of
these materials underwent plastic deformation at this temperature. If the mater-
ials are evaluated for cyclic lives of about 105 cycles, however, the relative order
of the materials with respect to their fatigue characteristics differs. For a life

of about 105 cycles at 1650'F, coated TD nickel chrome has the best fatigue

characteristics, followed by coated TD nickel and uncoated TD nickel chrome
and then by tlastelloy X, Inconel 625, and uncoated TD nickel. At 1800°F, th-
order is coated TD nickel chrome, uncoated TD nickel chronic, coated 'I'D nickel

and uncoated TD nickel. The change in order for the two cyclic lives is not really
anomalous since varying the composition of a material to produce a better ultimate
and endurance strength usually causes some loss in fracture elongation, and these

parameters govern opposite ends of the fatigue curve.

(U) The data for a cyclic life of 1000 cycles indicates that uncoated TD nickel-

chrome alloy has better fatigue characteristics than coated T'D nickel-chronic
alloy. This behavior was not expected since the coating was added Lo improve

the cyclic fatigue life. It appears that the coating process had detrimental effects
on the base material properties which were not completely offset by the expected

improvement in properties produced by the coating. Further development of the
coating composition and application procedure could be expected to improve the

fatigue properties.

E. ENDURANCE TESTING

(U) The selected materials were exposed to combustion gases for extended
periods. The gas stream velocity was about Mach 0. 3 to 0. 4, and test tem-
peratures ranged from 1800'F to 2200*F, These tests were performed in two
phascs. Phase I consisted of ten-hour cclic endurance tests with ten minutes of
;xposure to the ,')t gas stream and one minute out of the gas stream. All of the
materials except thoriated L-605, for which a specimen could not be fabricated,

were testc.d du:ig Phase 1. The specimens were tested in pairs at 22"001 V,
20.ooF, and 1ouu F, using the equipment shown in Figures 90 :ind 1. l[he t\%o

materials %'hich showed the least deterioration at the mxnximurn temperature %%cer
tested during Phase 11. The Phase 1I test was a 100-hour cyclic endurance test

% ith the spvecimens positioned in ttw gau It fur one hour and out of the g•,s

st.'vain for one minute during each cycle. The gas stream temperature %%as
2u00'F. and the specimens cooled to approxiniatelyv 5O•F duriig the one minute

%%hen theN %,ee removed from the gas stream. I'lle speciimens %%crc inspected

twriodically l',r general condition during both phases of the programn, and, at the
completion of the tests, all materials u ert throughly c.xatnined for general con-
dition and natiiost ructure-
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1. Phase I Test Results

(U) The condition of the Hastelloy X and the nickel-base alloys Incoloy 804,
Inconel 702, and Inconel 625 after testing is shown in Figures 92 through 95.
As shows, each of these materials suffered from excessive surface oxidation,
Ppalling, and warpage, with the effects becoming more pronounced as the test
temperature was Increased. None of these materials are considered to be suit-
able for the intended application.

(U) The condition of uncoated TI) nickel and uncoated TD nickel-chrome speci-
mens is shown in Figiures 96 and 97. As shown. the depth of oxidation penetra-
tion increased as the test temperature was increased, and cracking occuired
parallel to the rolling direction i• the T'D nickel specimens tested at 206,0'F anrd
2200"F.

(U) Figures 98 and 99 show the results for the chrome-aluminide-coated rD
nickel and TID nickel-chrome specimens respectively. After 10 hours at 18007",
neither specimen showed significant deterioration. After testing at 2,V)00F, both
materials showed evidence of oxidation in limited areas -)f the outer layer, with
the oxide attack being somewhat more advanced in the coated TD nickel-chrome
material than in the coated TD nickel material, In addition, the coated T'D nickel
specimen contained some aligned piorosity at the coating-substrate ýnterface, iwhi. h
was attributed to diffusion by the Kirkendall effect 1 . At 2200"', botb speciniens
suffered from blistering and peeling of the coating and subsequent oxidatic-.. of the
base metal.

(U) The last two materials tested during Phase I were DS (dispersion strength-
ened) nickel-chrome alloy and Cr-Ti-Si-coated Cb-129 Y alloy. The condition of
specimens is shown in Figures 100 and 101 respectively. The DS nickel-chronic
specimen showed negligible deterioration after testing at 1S0oaF, but severe
warping occurred during testing at 2000'F. Limited oxide penetration occurred
during testing at 1800"F, but the oxide penetrated down to the cihrome layer dur-
ing testing at 2000*", and it reached the base metal during testing at 2200"F.
In evaluating the results for this mater.i.!, it should be noted that the specimen
us' ! was only 20 mils thick, whereas ;,'ti"r sl.eciitins ucre -12 mils thick. This
was the only specimen thickness availa!.'e ;0t the time. The small thickness de-
finitely contro'uted to the inabiliLy ol this specimen to % ithltand MaLh U. 3 to u. 4
gas velocities at elevated temperatures. Tht: uoated Cb-129 Y specimen shted
evidence of coating failure at all test temperatures. Initially, cra,': cracking
occurred !n the outer layers. Subsequent crack growth V:.-,*.L-aed the underl. ing

I Seventh .quarterlyl Progress Ivci)trt to AFMI, Develop•ient ol Coatings for Pro-
tection of, Dispersion Strengthencd Nickel finm i),idation, Contigact At"33 (61.)-
1704, E. 1. Dup-Vot tid Nemours & Co. , Inc. , k'tober 10, 1961;.
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S~ laves phase and then invaded the solution and parent-metal regions. Oxidation

followed the cracks into the base metal, where rapid deterioration of the CB-129 Y
alloy occurred. 2 Incomplete coating in weld areas contributed to the catastrophic
oxidation of the base metal observed after testing at 2200 0F.

(U) In summary, afl of the materials tested during Phase I showed a similar type
of deterioration after testing at 18007F, with the amount of deterioration being
least for the coated TD nickel and the .eoated T) nickel-chrome specimens. At
20000F, all of the materia.s suffered from oxide penetration into the base metals
except f(,r the coated TD nickel and thu co;ted TD nickel-chrome specimens, on
which the coatings remained uniformly attaci:,ad .o th'• substrates with only limited
areas of oxidation in the outer layer. At 2200"F, all of the specimens suffered
from considerable deterioration. The reiative amounts of warpage for the speci-
mens tested are shown in Figure 102. Warpage was measured at the location
shown in Figure 103. Oxide penetration for all of the uncoated specimens is shown
in Figure 104.

(U) On the basis of the Phase I test results, chrome-aluminide-coated TD nickel
chrome and chrome-aluminide-coated TD nickel were selected for Phase II testing
at 2000°F.

2. Phase I1 Test Results

(U) During the 100-hour test ;,f the coated TD nickel specimen, !cracking occurred
parallel to the rolling direction after 4(. hours of testing followed by oxidation in
the cracks and in areas around the cooling holes where the coating spalled from
the specimen. However, after 100 hours of testing, the over-all coating was still
protective except for the same area noted above. This is shown in Figure 105.

(U) Initial examination of the specimen indicated that the coating was intact, al-
though a light green highlight was present in the area exposed to the maximum
temperaturc, whereas the material originally had a silver-gray metallic Iuster.

Metallographic examination verified that the coating was intact. It also revealed
that surfe oxide and oxide penetration of the coating occurred, with some por-
osity p; it at the coating-substrate interface.

(U) The coated TD nicl i]-chrome specimen suffered severe deterioration during
the 100-hour test, as shown in Figure 106, Initial coating deterioration was ob-
served after 15 hours of testing. The deterioration continued as the test pro-

2 H. A. Hauser and J. F. Holloway, Jr., Evaluation and Improvement of Coatings

for Columbium Alloy Gas Turbiine Engine Components, AFML-TR-66-186, Pratt
& Whitney Aircraft Division of United Aircraft Corporation, East Hartford,

Connecticut, July 1966.
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Figure 102 Relative Warpage Experienced by Phase I Endurance Test
Specimens

Figutre 103 IAocutitoa Where lWarpage Was Measured on il'hat I Endxurance
Test s(0ci rCn.
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gressed with considerable spalling occurring at the leading edge and in the areas
ar3und the cooling holes. Metallographic examinatien revealed an adherent oxide
scale in the regions where the coating had npalled from the specimen, with inter-
nal oxidation and some porosity occurring in the chrome-rich region beneath the
scale.

(U) It is evident from the results of the Phase II tests that coated TD nickel has
greater resistance to cyclic thermal stress in a combustion stream than coated
TD nickel-chrome alloy. However, consideration of the TD nickel-chrome
alloy should not be closed since methods of applying coatings of thoriated nickel
alloy have not yet been extensively developed.

V. CONCLUSIONS AND RECOMMENDATIONS

(U) None of the materials tested demonstrated an ability to withstand a combus-
tion gas stream at 20000F at Mach 0. 3 to 0. 4 for long periods. Best results were
obtained with chrome-aluminide-coated TD nickel, but cracks were observed in
this specimen after only 40 hours of testing and oxidation followed the cracks.
The second best material was chrome-aluminide-coated TD nickel-chrome alloy,
but this material deteriorated significantly during 100 hours of cyclic testing at
2'00*F. However, the coating procedure used noticeably degraded the fatigue
life and the formability of this material. With a Letter coating procedure, the
thermal capabilities of the material might be improved together with the fatigue
life and formability. All other materials tested suffered excessive oxidation
and dimensional distortion after exposure to the hot gas stream for periods of
ten hours or less.

(U) It is also recommended that the development of coated TD nickel-chrome
and refractory Cb-129 Y be corntinued. TD nickel chrome is superior to 'I'D
nickel in the uncoated condition with respec! to oxidation resistance and fatigue
life, and, with proper coating procedure development, this material may also
prove to be superior in the coated condition. Refractory Cb-129 material de-
monstrated excellent high-temperature capabilities during these tests, but was
disqualified because of coating defects.
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